Abstract-Intensive rehabilitation training of the arm can improve motor recovery in patients with neurological impairment. Actuated robots are becoming more and more common in this field as they serve to actively assist, enhance and assess neurorehabilitation. However, there is currently no actuated robot available specifically designed for the rehabilitation of children with upper extremity motor impairments. In this paper, we describe a completely new designed exoskeleton-based arm robot, ChARMin, with four degrees of freedom to guide and assist shoulder and elbow movements for young patients with motor impairments. The serial mechanical structure includes parallel kinematics for remote center of rotation actuation. This allows to keep a safe distance between parts of the robot and the patient and it reduces friction, while being highly adaptable to cover the anthropometrics for patients aged 5 to 18 years. Additionally, a novel passive weight support mechanism and 6 degrees of freedom force sensors are installed for a safe and transparent operation of the device.
I. INTRODUCTION
People that suffer from a neurological disorder, such as stroke, often have problems to use their affected arm during daily life, which can affect their independence negatively. These patients might profit from rehabilitative interventions that aim to regain certain functionalities. As previously shown, an intensive training triggers neuroplasticity and is important for the recovery of motor functions [1] . Also children with congenital or acquired brain injury often have impairments of their arms which affects their independence and participation in daily live [2] . One of the most prevalent neurological disorders affecting up to 2.5 per 1'000 children born in Northwest Europe [3] is cerebral palsy (CP). CP is an umbrella term used to describe a group of chronic conditions affecting body movement and muscle coordination. The principles underlying motor recovery in children are not yet completely understood, but first results suggest that motor rehabilitation in children has traits from motor learning in healthy subjects [4] . Moreover, there are indications that plasticity is enhanced in the child's brain so that recovery from brain injuries is more effective than in adults [5] . As in adults, an intensive therapy [6] and active participation [7] seems to be important for recovery in children with hemiplegia.
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A. Robots in Rehabilitation with Children
Over the last two decades robots are more and more used in the field of adult rehabilitation, as they can provide intensive, repetitive and frequent training while assisting and assessing the patient. Furthermore, virtual reality (VR) scenarios can be used to motivate the patient to actively participate and provide online augmented feedback about the patient's performance [8] , [9] . Moreover, robots have been shown to have a positive effect on the rehabilitation process in adult stroke patients [10] . In contrast to robot-assisted rehabilitation in adults, there are only a few studies that have been performed with children and active robot assistance of the arm. First tests with actuated robots in children with devices originally designed for adults such as the InMotion2 [11] or the NJIT-RAVR system [12] have been conducted. These preliminary investigations indicate that children benefit from actuated robots used during the therapy. Here, we report about a new actuated robot that can be used for children with impaired motor functions (such as children with CP) in order to investigate and improve pediatric rehabilitation. The specific research challenge in designing this robot is to find the correct robotic system that satisfies the needs given by the clinical goals and settings, the safety constraints and the typical patient requirements and properties of the pediatric target group.
B. ChARMin for Children Rehabilitation
ARMin is an arm exoskeleton robot for neurorehabilitation of adult stroke patients [13] . Different versions of ARMin have been built at the Sensory-Motor Systems (SMS) lab at the ETH Zurich. The knowledge from ARMin can only partially be used for the pediatric version, ChARMin (Children ARMin). The very young and heterogenous target group has specific requirements that give rise to challenges that require new technical methods and solutions. Downscaling the adult ARMin is therefore not suitable, as children are not just small adults. Joint torques in adults are significantly higher than in children, even when normalized to body mass [14] . Furthermore, a simple extrapolation from adult proportions is not adequate [15] . Another challenge is the range of 5 to 18-year-old children. A robot with dimensions for an 18-year-old patient that can deliver torques to move a completely paralyzed arm could be a safety risk when applied to 5-year-old children. It becomes clear that the pediatric target group has specific needs for the design of the robot and, therefore, the decision was taken to move from the adult ARMin design to a new pediatric design.
II. REQUIREMENTS FOR CHARMIN

A. Length Adaptation
Children with early-manifesting disorders like CP show often growth retardation [16] , which requires that the robot is designed according to the anthropometry data of this specific group. Due to insufficient data regarding anthropometry of arm segments in children with CP, we deduced the data from healthy children whose body height corresponds to that of a child with CP at a certain age. For example, the 50th percentile of the body height of a 5-year-old child with CP (gross motor function classification system level V) corresponds to approximately the 50th percentile value of a 3-year-old healthy child [17] . Consequently, anthropometrical data from healthy children aged from 3 to 18 years served as a basis to design the mechanical structure of ChARMin.
B. Force Constraints
The robot should be strong enough to guide a paralyzed arm and counteract a spastic arm and, therefore, prevent a possible collision with the patient's body. Furthermore, the robot should resist even a relatively strong patient when using the robot as an assessment tool to determine isometric force. Therefore, data from healthy subjects was used to estimate the torques that the robot should be able to apply at each joint (Table I) . Values for horizontal shoulder ab-/adduction could not be found. However, based on the knowledge from ARMin (60 Nm), a torque of 40 Nm was selected that ChARMin should be able to apply temporarily. 
C. Range of Motion (RoM)
For the 4 degrees of freedom (DoF) of the first prototype it is important to know the clinically meaningful range of motion they should cover. In the literature, maximum range values for functional activities of daily living for 9 to 12-year-old children can be found [21] . The desired RoM that the robot should cover was based on the values underlying these movements and on additional feedback from the therapists in the children's rehabilitation center (Tab. II).
D. Improving Transparency
Another important criteria is the mechanical transparency of the robot, which is a measure for undesired interaction forces between the robot and the human arm. In this context a difference is made between the desired forces applied to support the human arm and the disturbing forces that counteract the movement of the robot and the patient and, therefore, reduce the transparency. Factors that influence the transparency of the robot are mainly the mass and inertia of the robot, but also disturbing torques coming from joint friction. The mass can mainly be compensated by using a gravity compensation model of the robot. Static friction, however, is more difficult to compensate for. In the adult ARMin, for example, friction torques were quite high and varied between 0.2 Nm (elbow) and 2.4 Nm (shoulder).
ChARMin must thus have a higher transparency to account for smaller and weaker patients.
E. Improving Motivation
In order to make the child do all the repeatable movements and to provoke an active participation during the therapy, motivation is crucial for children. On the one hand, this can be achieved by an appealing design of the robot and its use in a non-distracting environment. On the other hand, motivating games and VR scenarios will be implemented that account for the specific interests of children while providing an environment for intensive training of taskspecific movements.
F. Further Requirements
Further technical requirements that have to be fulfilled to assure the safety and operability of the device are:
• An easy to handle change-of-side mechanism, so therapists can easily change for training the left arm to the right one and vice versa • Increased distance between the patient's head and the robot. (In contrast to ARMin where the horizontal shoulder rotation is actuated from top of the shoulder joint, leading to mechanical parts that are close to the patients head as seen in Fig. 2 In addition to all the technical requirements, there are more electrical and software requirements to assure the safety of the patient, e.g. constraining the joint torques and RoM, supervise the controller (speed and force limits, plausibility checks), redundant sensors for all joints or a handhold safety switch.
III. METHODS
A. Exoskeleton vs. End Effector
In general, exoskeletons and end-effector devices are distinguished. End-effector-based robots are connected with the patient's hand or forearm at one point (e.g. InMotion2 [11] or the NJIT-RAVR system [12] ). Exoskeleton-based devices, in contrast, have a structure resembling human arm anatomy, and the robot's rotation axes often correspond to that of the human arm (e.g. ARMin [13] ). Here, we decided to design an exoskeleton-based robot, because:
• each arm joint can be controlled independently, which enables us to define arm positions completely, which is a prerequisite to train physiological movements without compensatory or synergistic patterns • the device can provide a wider range of motion, thus allowing the training of functional tasks • joint torques can be measured independently • single joints can be supported or resisted • mechanical limits for each joint prevent hyperflexion or hyperextension, and thus a potential injury of the joint
B. General Design
We propose a modular design that allows to exchange the distal part to adapt it to the required range (Fig. 1) . Here,
Proximal module
Distal module a range from 5 to 13 years as well as a range for 13 years and older is suggested to cover the whole target group while having distal modules that are more specific for the different patients. The first ChARMin prototype will have 4 DoF, i.e. 3 DoF for the shoulder and 1 DoF for the elbow. It will be equipped with a distal module for impaired children from 5 to 13 years. In the following subsections the structure of the robot will be presented by focusing on the single joints.
C. Horizontal Shoulder Ab-and Adduction
The first axis of the robot actuates the horizontal shoulder ab-and adduction. The requirement to move the actuator away from the head of the patient led to a new parallel kinematics structure, in contrast to the serial structure of ARMin (Fig. 2) . A simplified model of this remote center of rotation (RCoR) kinematics can be seen in Fig. 3 . This RCoR allows to actuate (mot 1 ) the robot in a remote center and transferring this rotation to the glenohumeral joint (GHJ) of the shoulder. This design has similarities with a structure suggested in the US Patent 2008/0304935 [22] . However, the proposed design here has a reduced number of joints and the way the arm is attached to the structure is different. An offset angle θ allows to optimally set the kinematic range of the robot to the functional RoM of the patient. 
D. Shoulder Flexion and Extension
The second axis mot 2 actuates the shoulder flexion and extension. This axis is mounted at the end of the parallel structure. To fulfill the requirement that the robot's rotation axis is always aligned with the human physiological axis, the vertical translation of the GHJ of the upper arm cannot be neglected [13] . To account for that displacement, an offset ∆d was introduced between the GHJ of the shoulder and axis mot 2 (See Fig. 3 ). This configuration results in a vertical movement of the GHJ joint depending on the flexion/extension angle β of the shoulder and following a circular segment [13] .
E. Shoulder Internal/External Rotation
The adult ARMin robot has several issues with respect to the internal/external rotation axis, such as high friction forces caused by the curved guidance and the transmission belt (Fig. 4, top) and a quite large safety distance between this axis and the patient to avoid collisions. As it is difficult to place an actuator on the rotation axis around the center line of the upper arm, a parallel RCoR mechanism was investigated that promises less friction as the ARMin design and allows to bring the arm closer to the patient's body without collision while still covering the required range. This parallel structure was originally introduced by Stienen et al. 2009 [23] and allows to rotate the upper arm around its longitudinal axis (Fig. 4, bottom) . 
F. Elbow Joint and Forearm
The fourth actuated joint in ChARMin is the elbow axis. Here, a 90
• offset actuator is provided to move the elbow joint (Fig. 1) . The more distal joints are not actuated in the first prototype. A length-adaptable arm rest with a cuff for the forearm is provided as well as a stick that can be grabbed by the child.
G. Gravity Compensation of the Robot
In order to prevent the robot from falling down in case of power loss and to support the motor for axis mot 2 , a passive gravity compensation is included in this axis (see compensation box in Fig. 3) . In order to achieve this compensation a spring E is attached in an offset distance d s to the rotation shaft mot 2 (Fig. 5) to point A produces a torque acting on the axis mot 2 . The tension spring required is integrated in the parallel structure described above (indicated by the zigzag line in Fig. 3) . However, the rope coming from the spring has to cross axis H to arrive at the compensation box (Fig. 3) . This introduces an unwanted torque in the parallel structure, unless the rope and the rotation axis are collinear in the location where they pass each other (Fig. 5, G) . The torque, which is needed to compensate the weight of the robot arm, is dependent on the angle β, i.e. when angle β is 0
• or 180
• there is no need for compensation. The maximum support is needed, when the arm is horizontal and β is 90
• . This results in a desired passive compensation of the robot Comp des,rob with a sinusoidal shape as shown in Fig. 6 with the dotted line. The compensation curve for the new mechanism Comp act,rob (solid line in Fig. 6 ) has a slight deviation from this sinusoidal shape. To account for different arm weights and different torques induced by the length settings in the robot, the spring pretension can be changed. Here, the spring mechanism is able to produce up to 24 Nm, while the compensation curve is still close to a sinusoidal shape (Dashed and dash-dotted line in Fig. 6 ).
H. Change-of-Side Mechanism
The robot has to be adaptable to be used with both arms. Therefore, a change-of-side mechanism is provided. In order to change the side configuration, the whole exoskeleton is rotated around the horizontal axis a 1 (Fig. 3) and angle θ is adjusted. Changing the robot like that will make the passive gravity compensation applying the offset torque in the wrong direction. That is why, secondly, the gravity compensation has to be changed in order to invert the passive compensation. This is done by a novel mechanism located in the compensation box. By temporarily removing the mechanical end stop for axis mot 2 , the robot arm can be moved to β = 0
• . In this position, the spring attachment point starts moving from position A to the opposite side C (Fig. 7) . This produces high speeds for the spring attachment point, which can be decelerated by a damper D. Finally, the spring attachment point is in the new location and the shoulder flexion/extension axis is brought back in the operational range. Now, the offset torque is acting in the desired direction. 
I. Adjusting the Robot to the Patient
In order to avoid unwanted interaction torques coming from misaligned axes, the robot has to be optimally adapted to the patient. This can be achieved by length adaptation mechanisms for the upper arm and forearm and by cuffs that are adaptable to the circumference of the patient's arm. In order to simplify the positioning of the shoulder, two lasers are provided pointing to the GHJ of the patient along the axes a 1 and a 2 in Fig. 3 . This positioning is done by adapting the height of the lifting column in the back of the robot and wheels allow to move the robot relatively to the patient.
J. Improving Mechanical Transparency
A first step towards an increase of the mechanical transparency is the new kinematics structure that is expected to have reduced friction compared to previous designs. In order to further increase the transparency of the robot 6 DoF force/torque sensors are mounted right below the arm cuffs and, therefore, as close as possible to the patient's arm (as used in ARMin IV [24] or in the iPAM system [25] ). These sensors allow a precise measurement of the interaction forces and torques between the robot and the patient. By using this information for the control of the robot, the transparency can be increased, as shown in first tests with ARMin IV [24] .
IV. DISCUSSION
The presented design of ChARMin has 4 DoF and was developed according to the clinical and technical requirements described in the beginning of this paper. A first challenge was to cover the range of the target group, which is solved by using a modular design of the robot. The first two axis cover the whole range, while the more distal DoF can be exchanged for 5 to 13 and 13 to 18 years old children respectively. The RoM of these 4 axis can be found in Tab. III. Comparing this range with the functional RoM of the patient it can be seen that the range can mostly be covered. However, axis 2 is restricted to a lower limit of 45
• to avoid a collision with the patient's leg. Moreover, the shoulder extension/flexion axis can currently not exceed 135
• , due to the symmetry of this axis for the left and right arm configuration. But this range covers most functional activities [21] . Mechanical limits are provided for all the joint ranges and the patient is attached to the robot with cuffs using Velcro R fasteners for quick release if necessary. The torques that the robot can apply (Tab. III) will be enough to provide support during the therapy and can temporarily be overloaded if needed, e.g. for force assessments. The torques for the first two axis are high compared to axis 3 and 4, as the first two axis have to cover the range from children aged 13 years and older as it is not exchanged like the distal module. Another challenge was the new design of axis 1 to move the actuator away from the child's head. In contrast to ARMin, a parallel kinematic structure is used to actuate this joint. This structure provides the requested range but makes it impossible to include the existing passive gravity compensation mechanism. Therefore, a novel mechanism was developed which can be used for the left and right arm configuration of the robot. The produced offset torque deviates slightly from a desired sinusoidal shape but the motor can account for this. The friction in the new kinematics is expected to be lower than in the adult ARMin design due to the parallel kinematics and the backdrivable joints. This reduced friction combined with the force/torque sensors will reduce disturbing interaction torques and improve the transparency of the robot.
V. CONCLUSION AND OUTLOOK
In this paper, it was shown that the challenges given by the new pediatric target group influence the geometric design, the kinematics used, the sensing and control strategies and the implemented safety features. To our knowledge, ChARMin is the first active exoskeleton robot that is specifically being built for pediatric rehabilitation of the arm. ChARMin, as described in this paper is currently being built at the SMS lab at ETH Zurich and the feasibility is being tested. The first prototype will have 4 DoF and can be used for impaired children aged 5 to 13 years. In near future the more distal DoF -pro-/supination of the forearm, wrist extension/flexion, hand opening/closing -are going to be added and, therefore, the device will be extended to 7 DoF. First clinical testing will be performed in the Rehabilitation Center for children and juveniles after all ethical and regulatory issues have been taken care of.
